1. Introduction {#sec1}
===============

Alpha-mangostin (AMG) is a major xanthone in fruit pericarps, bark and dried sap of the mangosteen tree (*Garcinia mangostana* Linn.). It was one of xanthones that first isolated in A.D. 1855 from the pericarps of the mangosteen fruit [@bib1]. AMG has various pharmacological activities, including antioxidant, anticancer and anti-inflammatory activities \[[@bib2], [@bib3], [@bib4], [@bib5]\]. More importantly, AMG exhibits strong antimicrobial activity against various pathogens, such as methicillin-resistant *Staphylococcus aureus* [@bib6], vancomycin-resistant *Enterococci* [@bib7], and acne-inducing *Propionibacterium acnes* (*P. acnes*) \[[@bib8], [@bib9]\], which is recently renamed as *Cutibacterium acnes* (*C. acnes*) \[[@bib10], [@bib11]\]. Consequently, AMG has recently been used either as a substitution or as an adjuvant for antibiotics in the treatment of some infectious diseases, especially acnes vulgaris, to decrease problems arising from antibiotic overuse \[[@bib12], [@bib13]\].

Because of the hydrophobic characteristics of AMG, its bioavailability is quite limited [@bib14]. The health products that contain AMG usually require a high content of alcohol and surfactants for solubilization of AMG \[[@bib12], [@bib15]\]. Sometimes, the solid dispersions of AMG in suitable polymers would also be prepared for circumventing this problem [@bib14]. To avoid toxicities from high concentrations of such solubilizers and complicated techniques in the production process, this study focused on the development of oil in water nanoemulsion (NE) formulations to generate an AMG-loaded nanoemulsion (AMG-NE) containing optimized content of the oil phase and surfactants.

Presently, health products containing either AMG or mangosteen pericarp extract for topical applications, such as acne gels, cleansing lotions, wound antiseptics, are widely available in the market. Nevertheless, the products containing AMG in a form of NE for the treatment of common skin infections by *Staphylococcus aureus* (*S. aureus*) and *P. acnes,* have not been available. Consequently, the novel formulation of AMG-NE was developed in this study. The investigation not only for its physicochemical properties, but also for its activity against *S. aureus* and *P. acnes*.

Nanoemulsions (NEs) are a type of emulsions that consist of very fine droplets of the internal phase, around 50--500 nm in diameter, dispersed in the external phase. The superior advantages of NEs, as compared to macroemulsions, are high stability against sedimentation, low viscosity and high solubilization capacity, as well as a pleasant aesthetic character and skin feel [@bib16]. Droplet sizes of NEs sometimes are in the same range of microemulsions (less than 100 nm); however, NEs are not thermodynamically stable. For this reason, they cannot form spontaneously, but need energy for droplet formation via either a high-energy or a low-energy emulsification technique [@bib17]. The high-energy emulsification technique, i.e. high shear stirring, high-pressure homogenization and ultrasonication, can provide effective mechanical energy to create droplets and break them into much smaller droplets. This technique can then be used for both laboratory-scale and industrial-scale production of NEs depending on the capacity of instruments \[[@bib18], [@bib19]\]. Unfortunately, the low-energy emulsification technique is limited by oil types, emulsifiers and formulation compositions, which affect the spontaneous formation of oil droplets [@bib16]. For this reason, the production of NEs for this study was performed by the high-energy emulsification technique.

The ultrasonication technique is one of the high-energy emulsification methods for NE production. It uses high-frequency sound waves to produce fine droplets of NEs via the ultrasonic homogenizers, which consist of a piezoelectric probe, and generates an intense disruptive force at their tips. When the tip is dipped to the pre-emulsion system, it produces cavitation bubbles. Once the bubbles grow and implode, a jet stream of surrounding liquid and pressurizing dispersed droplets are set up leading to droplet size reduction and high temperature [@bib18]. Since sonication times and input powers are crucial parameters affecting the droplet size and the size distribution of NEs, these parameters need to be optimized for NEs production \[[@bib16], [@bib20]\].

The objectives of this study were to determine the effect of formulation compositions and sonication intensities on physicochemical properties of AMG-NE and to investigate antibacterial activity against *S. aureus* and *P. acnes* of the AMG-NE.

2. Materials and methods {#sec2}
========================

2.1. Extraction of AMG from mangosteen fruit pericarps and purification {#sec2.1}
-----------------------------------------------------------------------

The dried pericarps mangosteen fruits were ground (Retsch, Germany) and macerated in dichloromethane for 3 days. The crude extract was separated from the marc and then concentrated by using a vacuum rotary evaporator (Büchi, Switzerland). Thereafter, it was purified by the column chromatography (CC) technique [@bib12]. The eluted fractions at every 50 ml containing AMG were collected. AMG powder was obtained after the solvent was removed by using the vacuum rotary evaporator.

2.2. Characterization of AMG {#sec2.2}
----------------------------

AMG in each 50 ml-eluted fraction from the CC was identified by the thin-layer chromatography (TLC) technique under UV light (at a wavelength of 254 nm) [@bib12]. The *R*~f~ values of the components were compared to that of an standard AMG (Chengdu Biopurify Phytochemicals, China). Chemical structure of the obtained AMG was elucidated and confirmed by the Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) [@bib14], ^1^H-, ^13^C Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) technique [@bib21].

The standard AMG powder and the obtained AMG powder were separately characterized by an FT-IR Spectometer (PerkinElmer model Spectrum One, USA). The spectra of all samples were recorded in the wavenumber range of 4,000 to 700 cm^−1^.

^1^H and ^13^C NMR spectra of the obtained AMG were recorded on Ascend TM600 Bruker spectrometer (Switzerland) with the solvent signals as internal standards i.e. 7.19 ppm of residual CHCl~3~ for ^1^H and 77.0 ppm of CDCl~3~ for ^13^C. Its mass spectra were obtained from an LCMS-IT-TOF, Shimadzu mass spectrometer (Japan). Identification of the obtained AMG was performed by comparison of ^1^H- NMR, ^13^C-NMR spectral data and Electrospray Ionization MS (ESI-MS) information to the published data [@bib21].

2.3. Analysis of AMG content {#sec2.3}
----------------------------

The content of AMG in all samples was analyzed by the high-performance liquid chromatography (HPLC) technique [@bib12]. The analysis was performed by use of an HPLC instrument (Shimadzu UFLC, Japan) equipped with a UV-vis detector for UV detection at 319 nm. A column (Shimadzu, Japan) for separation consisted of a reversed-phase octadecyl column (25 cm × 4.5 mm) with particle size of 5 μm. A mobile phase contained 94% methanol in ultrapure water. It was pumped at a flow rate of 1.0 ml/min at a temperature of 30 °C. Samples were determined in triplicate and calculated for AMG content based on a linear regression equation for a standard curve of AMG.

2.4. Determination of anti-bacterial activity of AMG against *S. aureus* and *P. acnes* {#sec2.4}
---------------------------------------------------------------------------------------

The minimum inhibitory concentration (MIC) of AMG *against S. aureus* and *P. acnes* were determined in triplicate by the microdilution assay. *S. aureus* (TISTR No. 1466, Thailand) and *P. acnes* (DMST No. 14914, Thailand) were transferred to Mueller Hilton (MH) broth and Brain-heart infusion (BHI) broth (Merck, Germany), respectively. *S. aureus* was incubated under aerobic conditions for 24 h, whereas *P. acnes* was incubated in anaerobic conditions for 72 h. Thereafter, they were adjusted with normal saline to yield about 10^6^ CFU/ml and dispensed into 96-well plates with a volume of 100 μl for each well. AMG was dissolved in 2% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) to make a concentration of 250 μg/ml as an original concentration before serial two-fold dilutions were made. One hundred μl of each AMG solution was dispensed into wells containing either *S. aureus* or *P. acnes* suspension. These 96-well plates were subsequently incubated under the incubation conditions for either *S. aureus* or *P. acnes*. The MIC of AMG against *S. aureus* and *P. acnes* were the lowest concentration of AMG yielding clear solutions in the wells. In addition, the minimum bactericidal concentration (MBC) of AMG *against S. aureus* and *P. acnes* were further determined by subcultivation of 50 μl of each clear solution in plates containing either MH agar or BHI agar for *S. aureus* or *P. acnes*, respectively. They were incubated under the appropriate incubation conditions. The lowest concentration with no visible growth was defined as the MBC.

2.5. Determination of solubility of AMG {#sec2.5}
---------------------------------------

The solubility of AMG in polysorbate 80 (P80), sorbitan oleate (S80), propylene glycol (PG), and an oil phase of the NEs that consisted of mixed oil (a mixture of light mineral oil, cyclomethicone, dimethicone, jojoba oil and capryric/capric triglyceride at a ratio of 1:1:1:1:2, respectively), was determined. One ml of each solvent was added into one gram of AMG contained in a centrifuge tube. The mixture was continuously shaken for 24 h at room temperature and centrifuged at 40,000 rpm for 30 min. The supernatant was filtered through a nylon filter (0.45 μm) and was then analyzed for the AMG content by the HPLC technique.

2.6. Preparation of blank NEs and AMG-NE {#sec2.6}
----------------------------------------

The compositions of Blank NEs (NEs without AMG) and AMG-NE prepared in this study were divided into 2 phases, an oil phase and a water phase. The oil phase of NEs contained mixed oil with and without the addition of AMG for the cases of AMG-NE and Blank NEs, respectively. The water phase contained PG, paraben concentrate, mixed surfactant containing P80 and S80 at a ratio of 7:3, respectively, and deionized water.

Blank NEs and AMG-NE were prepared by using the ultrasonication technique. Briefly, the oil phase was blended with mixed surfactant and PG before addition of paraben concentrate and deionized water, respectively. They were stirred by a high-speed homogenizer (Ultra-Turrax T8, Germany) at a rate of 10,000 rpm for 1 min to obtain pre-emulsions. These pre-emulsions were then emulsified by using an ultrasonic homogenizer (Biologics 150VT, USA) with a sonication intensity of 20% amplitude for 5 min. In addition, to investigate the effect of sonication intensity on the physical properties of Blank NEs, the sonication intensity was varied to 10%, 20% and 30% amplitude at a constant sonication time of 5 min.

Droplet size, polydispersity index (PI) and zeta potential of Blank NEs and AMG-NE were evaluated after they were prepared. All Blank NEs and AMG-NE were centrifuged at 5,000 rpm for 30 min and observed for phase separation [@bib22]. The summary of Blank NEs and AMG-NE formulations are shown in [Table 1](#tbl1){ref-type="table"}.Table 1Summary of formulation compositions of Blank NEs, AMG-NE and their physicochemical properties (mean ± SD; n = 3).Table 1FormulationsConcentrations (%w/w)AMG (%w/w)Droplet size[(a)](#tbl1fna){ref-type="table-fn"} (nm)PIZeta potential (mV)pHEELCPhase separation[(b)](#tbl1fnb){ref-type="table-fn"}Mixed oilMixed surfactant(%)(%)5MO-8MS580183 ± 860.22 ± 0.03-2.4 ± 0.35.8 ± 0.1\--Not found10MO-8MS1080212 ± 1240.34 ± 0.02-5.8 ± 0.25.6 ± 0.1\--Not found15MO-8MS1580302 ± 2170.51 ± 0.10-7.0 ± 0.25.6 ± 0.1\--Not found10MO-5MS1050231 ± 1540.44 ± 0.04-6.2 ± 0.35.7 ± 0.1\--Not found10MO-12MS10120324 ± 2460.58 ± 0.04-4.6 ± 0.25.7 ± 0.1\--Not found10MO-8MS-0.2AMG1080.2215 ± 1220.32 ± 0.02-6.1 ± 0.25.7 ± 0.199.24 ± 0.031.1 ± 0.00Not found[^1][^2]

Drug entrapment efficiency (EE) and drug loading capacity (LC) of AMG-NE were determined. Briefly, the unentrapped AMG was separated from AMG-NE by using a stirred ultrafiltration cell (Millipore, USA) with an ultrafiltration membrane (MWCO 10 kDa). The filtrate was analyzed for AMG content by the HPLC technique. EE and LC of AMG-NE was calculated by using Eqs. [(1)](#fd1){ref-type="disp-formula"} and [(2)](#fd2){ref-type="disp-formula"}, respectively:$$\text{EE(\%)~\!} = \frac{\text{~\!total~\!amount~\!of~\!AMG~\!loaded} - \text{amount~\!of~\!unentrapped~\!AMG}}{\text{total~\!amount~\!of~\!AMG~\!loaded}} \times 100$$$$\text{LC~\!(\%)~\!} = \frac{\text{amount~\!of~\!AMG~\!entrapped~\!in~\!AMG} - \text{NE}}{\text{total~\!amount~\!of~\!lipid~\!and~\!mixed~\!surfactant}} \times 100$$

2.7. Measurement of droplet size, PI and zeta potential of NEs {#sec2.7}
--------------------------------------------------------------

Droplet size, that represents the Z-average, and PI of Blank NEs and AMG-NEs were analyzed by the dynamic laser light scattering method using the Zetasizer (Malvern Instrument NanoZS, UK). Their zeta potential was measured by the electrophoretic light scattering technique via the Zetasizer. These properties were measured immediately after preparation in triplicate and reported as a mean ± standard deviation (SD). In particular, the results of droplet size measurement were presented as a mean of the Z-average with SD from particle size distribution histograms.

2.8. Morphology observation of a blank NE and AMG-NE {#sec2.8}
----------------------------------------------------

The morphology of a representative Blank NE and AMG-NE were observed by using transmission electron microscopy (TEM) technique. One drop of diluted samples was placed on a copper grid coated with carbon film, then stained with 1% w/v uranyl acetate solution and allowed to dry under room temperature. The samples were imaged using a JEM-1400 (Japan) transmission electron microscope at an accelerating voltage of 100 kV.

2.9. Rheological properties investigation of a blank NE and AMG-NE {#sec2.9}
------------------------------------------------------------------

Investigation of rheological properties of a Blank NE and AMG-NE via the steady-shear sweep mode was performed in three replications at 25 ± 0.1 °C. In this study, a controlled stress rheometer (Bohlin Gemini HR nano, Malvern instrument, UK) with a cone and plate geometry (2° cone and 55 mm diameter) was set at 1 and 100 s^−1^ for the initial and final shear rates, respectively.

2.10. Determination of AMG content in AMG-NE {#sec2.10}
--------------------------------------------

AMG-NE (0.05 g) was dissolved in 94% methanol (5 ml) and then filtered through a 0.45-μm membrane. AMG content in AMG-NE was analyzed by the HPLC technique in three replications following the protocol previously described and reported as a mean ± SD.

2.11. *In-vitro* release study of AMG-NE {#sec2.11}
----------------------------------------

Release of AMG from AMG-NE through a cellulose dialysis membrane was determined by using the modified Franz diffusion cells [@bib23]. In the study, a cellulose dialysis membrane (molecular weight cutoff of 12,000) was placed between the donor unit and the receptor compartment. AMG-NE (2 g) was filled in the donor units and then covered with parafilms. The receiving media used in this study was 10% (v/v) ethanol in PBS (pH = 7.4). It was kept well stirred with a magnetic stirrer and the temperature was maintained at 37 ± 1 °C throughout the study. The receiving media were withdrawn at 5, 10, 20, 30, 60, 120, 180, 240, 300, 360, 420, 480 min and replaced with the same volume of fresh media. AMG content in the receiving media was then determined by the HPLC technique.

2.12. Stability test of AMG-NE {#sec2.12}
------------------------------

AMG-NE was transferred into tightly sealed glass bottles (25 ml/each) with aluminium foil wrap. The samples were stored at 27 ± 1 °C (an average room temperature in Thailand) for 90 days and observed changes of droplet size, PI, zeta potential, pH, phase separation (without centrifugation) and AMG content at day 0, 30, 60 and 90. For the accelerated stability test, the samples were stored under a heating-cooling condition at 45 ± 1 °C for 48 h and 2 ± 1 °C for 48 h (5 cycles). All samples were evaluated their physicochemical properties in triplicate.

2.13. *In-vitro* toxicity test of a blank NE and AMG-NE on human skin keratinocytes {#sec2.13}
-----------------------------------------------------------------------------------

Human skin keratinocytes (HaCaT) cells (CLS Cell Line Service, Germany) were cultured in a complete medium, which contained Dulbecco\'s modified medium (DMEM) and fetal bovine serum (Gibco, USA) (10% v/v). They were seeded in 96-well plates at a density of 1×10^4^ cells/well/100 μl and incubated for 24 h in a CO~2~ incubator at 37 °C. Thereafter, 100 μl of either a representative Blank NEs or AMG-NE, which were diluted in the complete media at various concentrations, were added to the wells. They were then incubated for 24 h.

After the end incubation period, the cells were washed twice with phosphate buffer saline (PBS) and incubated with 50 μl of methylthiazolydiphenyl tetrazolium bromide (MTT) in DMEM (0.5 mg/ml) for 4 h. The medium was then removed and isopropanol (100 μl/well) was added to each well to dissolve the formazan crystal. The optical density (OD) of each well was determined at 570 nm by a microplate reader (Spectrostar Omega, BMG Labtech, Germany). Percentage of cell viability was calculated using [Eq. (3)](#fd3){ref-type="disp-formula"}.$$Cell\text{~\!viability~\!}{(\%)} = \frac{\text{OD}_{\text{sample}}}{\text{OD}_{\text{control}}}\text{~\!×~\!}100$$where OD~sample~ and OD~control~ were the OD of the medium from the wells containing the HaCaT cells incubated with and without the samples, respectively.

The assay of each sample was performed in triplicate and reported as a mean ± SD. The test samples were considered as toxic to the cells if the cell viability was less than 70%.

2.14. Determination of antibacterial activity of AMG-NE against *S. aureus* and *P. acnes* {#sec2.14}
------------------------------------------------------------------------------------------

Disc diffusion method was performed to investigate the activity of the AMG-NE against *S. aureus* and *P. acnes*. Briefly, *S. aureus* was transferred to MH broth, and incubated under aerobic condition. Thereafter, it was adjusted with normal saline to yield about 10^8^ CFU/ml. The media which contained *S. aureus* were spread thoroughly on the surface of sterile agar, i.e. MH agar. *P. acnes* was prepared in the similar procedures; however, BHI broth and anaerobic incubation were used and sterile agar was BHI with 5% blood agar. Subsequently, the agars that contained bacteria were incubated at 37 °C under aerobic and anaerobic conditions for *S. aureus* (24 h) and *P. acnes* (72 h), respectively. The sterile discs, which had a diameter of 6 mm were impregnated with a representative Blank NE and AMG-NE. They were then carefully laid on the surface of the agars containing bacteria. Following incubation, the diameters of the inhibition zone of each sample were measured. The experiments were performed in three replications. Their antibacterial activities were presented as a mean of inhibition zone diameter (mm) ± SD.

2.15. Statistical analysis {#sec2.15}
--------------------------

Experimental results were reported as a mean ± SD. Statistical analysis for comparison of treatment effects was performed by either an independent T-test or a one-way ANOVA with Tukey HSD multiple comparisons at a significant level of 0.05.

3. Results and discussion {#sec3}
=========================

3.1. Preparation and identification of the obtained AMG {#sec3.1}
-------------------------------------------------------

The extraction of dried pericarps of mangosteen fruit yielded 8.18% w/w of a crude extract based on their total weight. This crude extract was further purified by the CC technique, and components in the eluted fraction were identified by the TLC technique. In [Fig. 1](#fig1){ref-type="fig"} (a), the TLC fingerprints of a standard AMG solution (10 μg/ml) and the crude extract of mangosteen fruit pericarps with and without addition of AMG are presented. The TLC fingerprint of the standard AMG solution (Lane A) showed only one band of AMG with an *R*~f~ value of 0.50. However, many bands of the components consisting of the crude extract with and without addition of standard AMG appeared in their TLC fingerprints (Lane I and II, respectively). Among these components, one had an *R*~f~ value equaling 0.50. In particular, in the case of the TLC fingerprint of crude extract with the addition of AMG, the band of the component possessing the *R*~f~ value of 0.50 was darkened. This finding confirmed the presence of AMG in the crude extract before purification.Fig. 1TLC fingerprints: (a) Lane A: standard AMG, Lane I, II: crude extract of mangosteen fruit pericarps with- and without addition of AMG, respectively; (b) Lane B: standard AMG, Lane I-IV: extract fraction number 5--8, respectively.Fig. 1

After purifications by the CC technique, the number of bands, i.e. corresponded to the number of components in each eluted fraction, was markedly decreased (see [Fig. 1](#fig1){ref-type="fig"} (b)). Note that Lane I-IV in [Fig. 1](#fig1){ref-type="fig"} (b) shows the TLC fingerprints of the extract fraction number 5--8, respectively, as representatives. It was found that the major component remaining in these eluted fractions gave an *R*~f~ value of 0.50 equaling the *R*~f~ value of the standard AMG shown in Lane B of [Fig. 1](#fig1){ref-type="fig"} (b). This finding clearly indicated that AMG was the major compound found in these eluted fractions. Because of the similar TLC fingerprints with fewer bands of impurities in Lane II-IV ([Fig. 1](#fig1){ref-type="fig"}. (b)), the corresponding eluted fraction, i.e. fraction number 6--8, were pooled together and then dried by using the evaporator. Finally, the yellowish powder of AMG was obtained and kept in a fridge (2--4 °C) for further study.

3.2. Characterization of the obtained AMG and determination of its purity {#sec3.2}
-------------------------------------------------------------------------

The obtained AMG was characterized by the ATR-FTIR technique. Its FT-IR spectrum was compared to that of the standard AMG, as illustrated in [Fig. 2](#fig2){ref-type="fig"} (a)-(I) and (II). It was found that the spectrum of the obtained AMG was similar to that of the standard AMG and consistent with the FT-IR spectra of AMG as reported in the previous publications \[[@bib12], [@bib24]\]. Their spectra show characteristic bands of AMG at the wavenumbers of 3,417--3,248 cm^−1^ and 1,637--1,581 cm^−1^, which responded to the stretching of hydroxyl (OH) and carbonyl (C=O) group, respectively. The bands at 1,450 cm^−1^ and 1,076 cm^−1^ were also observed. These particular bands indicated the presence of the aromatic C=C and ether (C--O) bonds in the molecular structure of the obtained AMG, respectively, which is illustrated in [Fig. 2](#fig2){ref-type="fig"} (b).Fig. 2FT-IR spectra: (a)--(I) standard AMG (II) obtained AMG, and (b) molecular structure of the obtained AMG.Fig. 2

The ^1^H- NMR, ^13^C-NMR spectral data including ESI-MS information of the obtained AMG were listed as follows: ^1^H-NMR (600 MHz, CDCl~3~): δ13.70 (s, 1H, 1-OH), 6.75 (s, 1H, H-5), 6.33 (br s, 1H, 6-OH), 6.22 (s, 1H, H-4), 5.22 (m, 2H, H-12, H-17), 4.01 (d, *J* = 7.2 Hz, 2H, H-16), 3.73 (s, 3H, 7-O-CH~3~), 3.38 (d, *J* = 7.3 Hz, 2H, H-11), 1.77 (s, 3H, H-19), 1.76 (s, 3H, H-15), 1.70 (br s, 3H, H-14), 1.62 (br s, 3H, H-20); ^13^C-NMR (150 MHz, CDCl~3~): δ182.0 (C-9), 161.6 (C-3), 160.6 (C-1), 155.8 (C-10a), 155.1 (C-6), 154.6 (C-4a), 142.6 (C-7), 137.0 (C-8), 135.7 (C-18), 132.1 (C-13), 123.2 (C-17), 121.5 (C-12), 112.2 (C-8a), 108.5 (C-2), 103.6 (C-9a), 101.6 (C-5), 93.3 (C-4), 62.0 (7-OCH~3~), 26.7 (C-16), 25.9 (C-20), 25.8 (C-14), 21.4 (C-11), 18.3 (C-15), 17.9 (C-19). ESI-MS (m/z): 409.1 \[M-H\]^-^.

These data were in agreement with the results reported in the previous publication [@bib21]. They thus confirmed the molecular structure of the obtained AMG as shown in [Fig. 2](#fig2){ref-type="fig"} (b).

The obtained AMG was further determined for its purity by the HPLC technique. The analysis results showed that the obtained AMG had the same retention time as the standard AMG, at 8.3 min. The AMG content in the extract powder was 80.86% w/w. This result suggested that the AMG obtained from the extraction and purification process in this study had a purity of about 81%. Thus, this particular extract powder could be used for further study and will be referred to as AMG in this article.

3.3. Determination of MIC and MBC of AMG against *S. aureus* and *P. acnes* {#sec3.3}
---------------------------------------------------------------------------

The results of MIC determination of AMG against *S. aureus and P. acnes* showed that AMG could inhibit the growths of *S. aureus and P. acnes* at the same minimum concentration of 3.9 μg/ml. Meanwhile, AMG could kill these pathogenic bacteria at a minimum concentration of 7.8 μg/ml. These findings suggested that the antibacterial activities of AMG for *S. aureus and P. acnes* increased when their concentrations were increased. The results were consistent with Koh et al. [@bib6], in that AMG had potent anti-gram positive bacteria activities because it could disrupt the cytoplasmic membrane integrity resulting in breakdown and increased permeability of the cell membrane. In addition, its antibacterial activities occurred in a concentration-dependent manner.

3.4. Determination of solubility of AMG {#sec3.4}
---------------------------------------

The solubility of AMG in each solvent, i.e. mixed oil, P80, S80 and PG at room temperature, was 15.6 ± 0.0 mg/ml, 1.0 ± 0.0 mg/ml, 0.5 ± 0.0 mg/ml and 1.0 ± 0.0 mg/ml, respectively. It indicated that mixed oil was a good solubilizer for AMG. This property was the result of the hydrophobic characteristics of AMG and the oils in mixed oil [@bib14], and a greater polarity of the other solvents.

3.5. Physicochemical properties of blank NEs and AMG-NE {#sec3.5}
-------------------------------------------------------

All Blank NEs prepared in this study exhibited milk-like appearance, i.e. a white color with slight turbidity, and low viscosity. They were, moreover, slightly acidic, i.e. pH ∼ 5.6--5.8. Their mean droplet size was in the range of 183--324 nm with a slightly broad droplet size distribution. The zeta potential values of these NEs were around -2 to -7 mV. All the mentioned properties are presented in Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}. It was found that these properties were affected by formulation compositions and sonication intensity. Furthermore, all Blank NEs showed no phase separation after they were centrifuged at 5,000 rpm for 30 min. The results indicated that these Blank NEs had good physical stability when subjected to gravitational stresses.Table 2Effect of sonication intensity on droplet size, PI and phase separation of 10MO-8MS (mean ± SD; n = 3).Table 2Sonication intensity (% amplitude)Droplet size[(a)](#tbl2fna){ref-type="table-fn"} (nm)PIPhase separation[(b)](#tbl2fnb){ref-type="table-fn"}10279 ± 2030.53 ± 0.01Not found20212 ± 1240.34 ± 0.02Not found30210 ± 1210.33 ± 0.01Not found[^3][^4]

### 3.5.1. Effect of mixed oil content {#sec3.5.1}

The droplet size, PI and zeta potential of Blank NEs containing various mixed oil contents are shown in [Table 1](#tbl1){ref-type="table"} (5MO-8MS, 10MO-8MS and 15MO-8MS). It indicated that increments of mixed oil content at a fixed concentration of mixed surfactant (8% w/w) could markedly increase droplet size, PI and zeta potential of Blank NEs (*p*-value = 0.000, 0.002, 0.000, respectively). This finding could be explained that an increase in mixed oil content led to the higher weight ratios of the internal phase to the external phase and, consequently, the viscosity of the NEs was increased \[[@bib16], [@bib25]\]. When NEs were more viscous, the oil droplets were difficult to break during homogenization [@bib25]. Thus, Blank NEs with larger droplet sizes and a broader droplet size distribution were obtained. [Table 1](#tbl1){ref-type="table"} shows that all Blank NEs had low zeta potential because non-ionic emulsifiers were used in the formulations. Nonetheless, the negative zeta potential would result from the negative charge of anionic species consisting of the mixed oil. The results also showed that the negative zeta potential of Blank NEs was increased when the mixed oil content was increased. The previous study reported that the anionic species derived from the free fatty acids in the mixed oil tended to be located near the droplet surfaces and thus affected the surface charge \[[@bib26], [@bib27]\]. This may led to the greater negative zeta potential when the mixed oil content was increased in NEs formulation.

Since the formulation of 10MO-8MS provided an NE having optimal values of droplet size, PI and zeta potential, including enough oil content for dissolving AMG, it was used as a prototype for further formulation development.

### 3.5.2. Effect of surfactant content {#sec3.5.2}

The effect of mixed surfactant content in the formulation on droplet size, PI and zeta potential of Blank NEs were evaluated. In this study, the contents of mixed surfactant were adjusted from 5% to 12% w/w at a fixed concentration of mixed oil (10% w/w), and then the obtained NEs were characterized. The results shown in [Table 1](#tbl1){ref-type="table"} pointed out that droplet size, PI and zeta potential of 10MO-5MS, 10MO-8MS, 10MO-12MS were statistically different (*p*-value = 0.000, 0.000, 0.000). Generally, the droplet size and PI of NEs are inversely proportional to the content of surfactant. This outcome results from the fact that the higher concentration of surfactant was able to provide the sufficient number of the surfactant molecules required to stabilize the internal phase of NEs by reducing interfacial tension and preventing droplet aggregation. It is known that molecules of P80 and S80 are rapidly adsorbed at the droplet interface and provide steric stabilization [@bib18]. Therefore, 10MO-8MS, which contained 8% w/w of mixed surfactant, had smaller droplet size and lower PI than that of 10MO-5MS, which contained 5% w/w of mixed surfactant (*p*-value = 0.000, 0.018, respectively). However, when the concentration of mixed surfactant was increased to 12% w/w, the droplet size and PI were markedly increased (*p*-value = 0.000 for both droplet size and PI). This result can be explained that the excess surfactant molecules may accumulate on the droplet surface resulting in droplet destabilization and the larger droplet size. Furthermore, some structures such as mixed micelles and niosomes could be formed leading to variation in size distribution of the system [@bib28].

The zeta potential of Blank NEs was also affected by the content of surfactant. The results in [Table 1](#tbl1){ref-type="table"} indicated that the more surfactant content, the lower zeta potential of the droplets. In this study, 10MO-12MS, which contained the highest content of surfactant, had a lower zeta potential than those of 10MO-8MS and 10MO-5MS, respectively (*p*-value = 0.000, 0.000, respectively). This result probably resulted from accumulation of non-ionic surfactant molecules at the oil droplet surface shielding the negative charge of anionic species near the droplet surface including the presence of mixed micelles and niosomes [@bib28].

### 3.5.3. Effect of sonication intensity {#sec3.5.3}

10MO-8MS, which had acceptable values of droplet size, PI and zeta potential, and included good stability, was selected for investigation into the effect of sonication intensity in relation to the power of sonication [@bib20] on its droplet size and PI at a constant sonication time of 5 min. The results shown in [Table 2](#tbl2){ref-type="table"} suggested that an increase in sonication intensity from 10% to 20% amplitude could reduce the droplet size and PI of 10MO-8MS properly (*p*-value = 0.000). Unfortunately, the increment of sonication intensity from 20% to 30% amplitude did not cause further reduction in these parameters. The droplet size and PI of 10MO-8MS, when being exposed to 20% sonication intensity, were comparable to those of 10MO-8MS exposed to 30% sonication intensity at a *p*-value of 0.368 and 0.844, respectively. The high-amplitude sonication could provide intense shear forces through acoustic cavitation, which generated imploding bubbles and caused micro-jets that impinged upon one liquid, causing it to disperse into the nano-droplets. When sonication intensity was increased, the more efficient droplet disruption occurred, leading to Blank NEs having a smaller droplet size and a lower PI value [@bib29]. However, further increase in sonication intensity would increase the rate of droplet coalescence because surfactant molecules could not be adsorbed on the droplet surface properly, so that the droplet size was not decreased significantly [@bib20]. A similar relationship between droplet size and ultrasonic power was also found in the case of D-limonene NEs using a mixture of sorbitane trioleate and polyoxyethylene (20) oleyl ether as an emulsifier [@bib30]. Consequently, the 20% amplitude was still being used for the preparation of AMG-NEs in subsequent studies.

In this study, the sonication time was fixed constantly at 5 min to avoid overheat that could induce degradation of formulation compositions from long-time exposure to ultrasound waves [@bib19]. Furthermore, this time interval was sufficient to prepare the highly stable Blank NEs that did not show phase separation after being centrifuged, as shown in [Table 2](#tbl2){ref-type="table"}.

### 3.5.4. Effect of AMG {#sec3.5.4}

Since MIC and MBC against *S. aureus* and *P. acnes* of AMG were 3.9 μg/ml and 7.8 μg/ml, respectively, the AMG content that was selected for loading into the formulation should provide the concentration that will achieve the antibacterial activity and should be more than these critical concentrations. Because AMG is a low-polarity compound [@bib31], its solubility in water is very low, about 0.2 μg/ml [@bib14]. Therefore, purified water could not be used as a vehicle of AMG for this purpose. Although the solubility of AMG in mixed oil was around 15.6 mg/ml, AMG should be loaded into 10MO-8MS at a concentration of about 0.156 %w/w. However, 10MO-8MS also contained the ingredients that could dissolve AMG, i.e. mixed surfactant and PG. Consequently, AMG could be added into this formulation up to a concentration of 0.2%w/w with EE around 99% and LC of 1.1% as shown in [Table 1](#tbl1){ref-type="table"}.

10MO-8MS-0.2AMG was prepared based on the formulation of 10MO-8MS with the addition of AMG (0.2% w/w). It was emulsified by the ultrasonication method at a sonication intensity of 20% amplitude for 5 min. The obtained product had a pale yellow color, slight turbidity, low viscosity and an acidic pH. Droplet size, PI, zeta potential and pH of 10MO-8MS-0.2AMG as shown in [Table 1](#tbl1){ref-type="table"} were not statistically different from those of 10MO-8MS at a *p*-values of 0.438, 0.789, 0.801 and 0.817 respectively. This result suggested that AMG at 0.2% w/w did not affect the physicochemical properties of 10MO-8MS.

TEM micrographs of 10MO-8MS and 10MO-8MS-0.2AMG are shown in [Fig. 3](#fig3){ref-type="fig"} (a) and (b), respectively. They demonstrate that the oil droplets of 10MO-8MS and 10MO-8MS-0.2AMG were in a nanometer range with slightly broad droplet size distribution, which agreed with the results of droplet size measurement by the dynamic laser light scattering technique. These TEM micrographs illustrate the identically spherical shape and droplet size of oil droplets consisting of the NEs. They confirmed that AMG did not significantly affect the droplet size and PI of the system.Fig. 3TEM micrographs: (a) 10MO-8MS and (b) 10MO-8MS-0.2AMG.Fig. 3

3.6. Rheological properties of a blank NE and AMG-NEs {#sec3.6}
-----------------------------------------------------

10MO-8MS and 10MO-8MS-0.2AMG were investigated for their rheological properties. The viscosity profile presented in [Fig. 4](#fig4){ref-type="fig"} (a) indicated that both 10MO-8MS and 10MO-8MS-0.2AMG possessed constant viscosities at entire shear rates, of around 0.002 Pas. Their flow curves, illustrated in [Fig. 4](#fig4){ref-type="fig"} (b), show the linear relationship between shear rate and shear stress, which are represented by the following equations.Fig. 4Rheological properties of 10MO-8MS and 10MO-8MS-0.2AMG: (a) viscosity profiles; (b) flow curves.Fig. 4

These equations indicated that the relationship between shear rate and shear stress of 10MO-8MS and 10MO-8MS-0.2AMG was consistent with Newton\'s Law of fluid flow. Thus, 10MO-8MS and 10MO-8MS-0.2AMG exhibited a Newtonian flow behavior [@bib32]. The coefficients of Eqs. [(4)](#fd4){ref-type="disp-formula"} and [(5)](#fd5){ref-type="disp-formula"} implied that 10MO-8MS and 10MO-8MS-0.2AMG had a same viscosity of 0.002 Pas. Therefore, addition of AMG at concentration of 0.2 %w/w also did not affect the flow behavior and the viscosity of 10MO-8MS.

It is important to note that the viscosity of 10MO-8MS and 10MO-8MS-0.2AMG were very low, because they were dilute nanoemulsions with a small volume fraction of the oil phase to the water phase, around 0.1 [@bib33]. The interactions between oil droplets might be from van der Waals forces, which were attractive forces leading to coalescence. However, both NEs still had good stability without phase separation after being centrifuged ([Table 1](#tbl1){ref-type="table"}), although they had a low value of zeta potential. Consequently, steric effects from the bulkiness head group of surfactant molecules that were located at the droplet surfaces may protect the droplets from aggregation and coalescence. When shearing forces were applied, the droplets were free to move separately without strong frictions and interactions between droplet surfaces, leading to low flow resistance and flow behaviors of the Newtonian fluid \[[@bib32], [@bib33]\]. These findings indicated that 10MO-8MS and 10MO-8MS-0.2AMG could be applied easily on the skin. However, to modify their flow behavior and viscosity, the appropriate polymers could be selected and added into the formulation [@bib19].

3.7. *In-vitro* release study of AMG-NE {#sec3.7}
---------------------------------------

Prior to perform *in-vitro* release study, the content of AMG in AMG-NE was analyzed to investigate the uniformity of the samples that were prepared in this study. Results of analysis showed that the AMG content in 10MO-8MS-0.2AMG was 0.20 ± 0.00 g/100g (n = 3). This value was within a range of 90--110 % of the labeled amount. It revealed that AMG was homogeneously mixed and dispersed in the products. This concentration value was thus used as an initial concentration of AMG in 10MO-8MS-0.2AMG for the release study.

The release profile of 10MO-8MS-0.2AMG illustrated in [Fig. 5](#fig5){ref-type="fig"} (a) shows a fast release of AMG during the first 30 min of the experiment. This finding might have been the result of some AMG that had already been released from the oil droplets into the external phase. Since 10MO-8MS-0.2AMG had low viscosity, the AMG in the external phase was able to diffuse into the receiving media easily [@bib34]. Thereafter, the AMG consisting in the oil droplets was released continuously into the receiving media following a zero-order kinetic model (r^2^ = 1.00) at a constant rate of 0.12 μg/min, as seen in [Fig. 5](#fig5){ref-type="fig"} (b). The results suggested that the AMG release rate was mainly controlled by an AMG diffusion rate from the droplets and was independent of the concentration of AMG remaining in the droplets [@bib35]. A steady release rate of the AMG over a period of time resulted in possible benefits of 10MO-8MS-0.2AMG. It could prolong the action of AMG with a minimum number of administrations and the side effects of AMG resulting from a reduction in the frequency of usage [@bib35].Fig. 5Release profile of AMG from 10MO-8MS-0.2AMG (mean ± SD, n = 3): (a) cumulative drug released content against time during 0--480 min; (b) cumulative drug released content against time during 60--480 min.Fig. 5

3.8. Stability test of AMG-NE {#sec3.8}
-----------------------------

The results of stability test shown in [Table 3](#tbl3){ref-type="table"} suggested that 10MO-8MS-0.2AMG was stable at a room temperature (27 ± 1 °C) for 90 days. Its physicochemical properties and AMG content in the formulation were not significantly changed (*p*-value = 0.519, 0.615, 0.702, 0.679 and 0.086 for droplet size, PI, zeta potential, pH and AMG content, respectively). Furthermore, obvious alterations of these parameters could not be observed after being subjected to the heating-cooling test (*p*-value = 0.970, 0.766, 0.881, 0.998 and 0.450 for droplet size, PI, zeta potential, pH and AMG content, respectively). This finding would result from the optimized formulation of AMG-NE and production process as previously discussed. Therefore, 10MO-8MS-0.2AMG had acceptable physical and chemical stability and could be used in further studies.Table 3Physicochemical properties and AMG content of 10MO-8MS-0.2AMG after storage at a room temperature (27 ± 1 °C) for 90 days and under a heating-cooling test (5 cycles) (mean ± SD; n = 3).Table 3Storage conditionsDroplet size[(a)](#tbl3fna){ref-type="table-fn"} (nm)PIZeta potential (mV)pHPhase separation[(b)](#tbl3fnb){ref-type="table-fn"}AMG content (%w/w)1) Room temperatureDay 0215 ± 1220.32 ± 0.02-6.1 ± 0.25.7 ± 0.1Not found0.20 ± 0.00Day 30209 ± 1210.34 ± 0.03-6.3 ± 0.25.5 ± 0.2Not found0.20 ± 0.01Day 60212 ± 1240.30 ± 0.02-5.9 ± 0.55.8 ± 0.4Not found0.19 ± 0.01Day 90214 ± 1260.35 ± 0.03-6.2 ± 0.85.5 ± 0.4Not found0.19 ± 0.012) Heating-cooling test218 ± 1290.35 ± 0.04-5.8 ± 0.55.8 ± 0.4Not found0.19 ± 0.00[^5][^6]

3.9. *In-vitro* skin toxicity {#sec3.9}
-----------------------------

The *in-vitro* skin toxicity tests of 10MO-8MS and 10MO-8MS-0.2AMG on the HaCaT cells were determined by using the MTT assay. Percentage cell viability of the cells at each concentration of the test samples was reported as a mean ± SD, as illustrated in [Fig. 6](#fig6){ref-type="fig"}. It was found that the cells could survive in all test samples at entire concentrations within a range of 84--97% cell viability. Although cell viability of HaCaT cells after exposure to 10MO-8MS at each concentration was not significantly different (*p*-values = 0.101), the obvious difference was found in the case of 10MO-8MS-0.2AMG at a concentration of 5,000 μg/ml (*p*-values = 0.000). It was lower than that of HaCaT cells exposed to other lower concentrations of 10MO-8MS-0.2AMG. This finding could be explained by the fact that the higher the concentration of 10MO-8MS-0.2AMG, the higher the content of AMG. AMG can generally exhibit cytotoxicity activity towards some human cells, especially cancer cells such as human breast adenocarcinoma and colorectal adenocarcinoma, by inducing apoptosis [@bib1]. AMG at relatively higher concentrations would consequently display some cytotoxicity to normal cells like the normal human bronchus diploid cell line CCD-14Br [@bib36], including the HaCaT cells used in this study.Fig. 6Cell viability (%) of HaCaT after exposure to 10MO-8MS and 10MO-8MS-0.2AMG at various concentrations (mean ± SD, n = 3) (\*significantly different from others at a *p*-value \< 0.05).Fig. 6

3.10. Anti-*S. aureus* and *P. acnes* activity of AMG-NE {#sec3.10}
--------------------------------------------------------

10MO-8MS and 10MO-8MS-0.2AMG were investigated for their anti-*S. aureus and P. acnes* activity by using the disc diffusion method. Since the results shown in [Table 4](#tbl4){ref-type="table"} indicated that 10MO-8MS did not generate clear zones in the agar plates containing pathogenic bacteria, 10MO-8MS could not inhibit *S. aureus* and *P. acnes* growth. This finding was probably that the ingredients consisting of 10MO-8MS did not has strong anti-bacterial activities. Consequently, they could neither inhibit nor kill the bacteria at their current concentration consisting of the formulation. On the other hand, 10MO-8MS-0.2AMG gave clear zones in the plates containing *S. aureus* and *P. acnes*, implying that 10MO-8MS-0.2AMG could inhibit growth of *S. aureus* and *P. acnes*. This outcome was due to the fact that the concentration of AMG released from 10MO-8MS-0.2AMG reached the MIC and MBC against the pathogenic bacteria, 10MO-8MS-0.2AMG could inhibit bacterial growth and kill these bacteria properly. As previously mentioned that AMG had poor aqueous solubility [@bib14], it thus could not diffuse and spread widely in the aqueous-base agar resulting in slightly small diameter of such clear zones. It was observed that the diameter of clear zones in the agar containing *S. aureus* was larger than that of clear zones in the agar containing *P. acnes* (*p*-value = 0.016)*.* This result indicated that *S. aureus* was more susceptible to 10MO-8MS-0.2AMG than *P. acnes*. Therefore, 10MO-8MS-0.2AMG could be used for treatment of skin infection caused by *P. acnes* and *S. aureus* in particular.Table 4Diameter of inhibition zones (mean ± SD; n = 3).Table 4Test samplesDiameter of inhibition zones (mm)*S. aureusP. acnes*10MO-8MS0.0 ± 0.00.0 ± 0.010MO-8MS-0.2AMG10.0 ± 0.07.3 ± 0.6

4. Conclusions {#sec4}
==============

This study showed that the oil in water AMG-NE, which contained the optimized content of oil phase and surfactants, could improve solubility of AMG up to a maximum concentration of 0.2% w/w that was higher than its water solubility of 0.2 μg/ml. Generally, the formulations containing AMG usually require high content of either alcohol or surfactants for dissolving AMG. They sometimes cause skin irritation and limitation for clinical use. Therefore, the development of NE formulation in this study provided a promising delivery system of AMG possessing acceptable physicochemical properties including antibacterial activity for treatment of common bacterial skin infections.

AMG extracted from the mangosteen fruit pericarps and purified in our study had a purity of 81% w/w. AMG could inhibit the growth of *S. aureus* and *P. acnes* and kill these pathogenic bacteria at the same MIC and at the same MBC of 3.9 and 7.8 μg/ml, respectively. After characterization, AMG was used as an active ingredient of the NEs. The results showed that the physicochemical properties of Blank NEs and AMG-NE were affected by formulation compositions and sonication intensity during emulsification by the ultrasonication method. Blank NEs and AMG-NE that were prepared in this study had droplet size in the nanometer range, slightly broad droplet size distribution, negative value of zeta potential and acidic pH value. It was found that an increment in the mixed oil content in Blank NEs formulation led to an increase in droplet size, PI and zeta potential. However, the effect of mixed surfactant content was dependent on its concentration in the formulation. At low concentrations of mixed surfactant, not higher than 8% w/w, an increase in mixed surfactant content resulted in a reduction in droplet size and PI. When the concentration of mixed surfactant was increased to 12% w/w, both droplet size and PI increased. Unfortunately, it was found that the more there was of surfactant content, the lower there was of zeta potential of the droplets. Droplet size and PI of Blank NEs were also affected by sonication intensity. It was found that an increase in sonication intensity to 20% amplitude could reduce droplet size and PI. Nevertheless, an increment of sonication intensity to 30% amplitude did not cause a significant reduction of these parameters. To prepare AMG-NE, AMG was added to the formulation at a concentration of 0.2% w/w. It was found that AMG at this concentration did not affect droplet size, PI or zeta potential, pH, including the rheological properties of NEs. The release kinetic of AMG from AMG-NE was in agreement with the zero-order release kinetic model. AMG-NE exhibited the antibacterial activity against *S. aureus* and *P. acnes* without toxicity to skin cells. Therefore, AMG-NE had potential for use in a clinical study to investigate its efficacy and safety in patients.
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[^1]: Drop size represented the mean of Z-average with SD from particle size distribution histograms.

[^2]: Phase separation of NEs that was observed after they were centrifuged at 5,000 rpm for 30 min.

[^3]: Drop size represented the mean of Z-average with SD from particle size distribution histograms.

[^4]: Phase separation of NEs that was observed after they were centrifuged at 5,000 rpm for 30 min.

[^5]: Drop size represented the mean of Z-average with SD from particle size distribution histograms.

[^6]: Phase separation of NEs that was observed after they were stored under two different storage conditions without centrifugation.
